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Carbohydrate Mimetics: A New Strategy for Tackling the Problem of
Carbohydrate-Mediated Biological Recognition
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Of the three major classes of biomole-
cules—proteins, nucleic acids, and car-
bohydrates—it is the carbohydrates
that are the least exploited. Despite
the important roles that saccharides
play in numerous biological recogni-
tion events (e.g. bacterial and viral
infection, cancer metastasis, and in-
flammatory reactions) the molecular
details of these recognition processes
are generally not well understood, and

consequently the pace of development
of carbohydrate-based therapeutics
has been relatively slow. This slow
pace of development is further hin-
dered by the lack of practical synthetic
and analytical methods available for
carbohydrate research and by the
problems associated with undesirable
physical chemical properties of saccha-
rides as drug candidates. Recent ad-
vances in the field, however, have

demonstrated that these problems can
be circumvented with the use of car-
bohydrate mimetics, that is, small mol-
ecules that contain the essential func-
tional groups (often with additional
hydrophobic or charged groups) to
resemble the active conformation of
the parent structure.
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1. Introduction

Carbohydrates are ubiquitous and important biomolecules.
Besides their role in energy storage, they form much of the
structural framework of cells and tissues. As part of glyco-
proteins, glycolipids, and other conjugates, they are key
elements in a variety of processes such as signaling, cell—
cell communication, and molecular and cellular targeting.'=3!
For example, lectins (sugar-binding proteins) displayed on the
surface of a cell allow it to respond to a variety of external
stimuli such as the local concentration of nutrients (chemo-
taxis). The lectins also allow them to bind and localize cells
displaying appropriate saccharides, a process typified by an
early step of inflammatory response: E- and P-selectins,
mammalian lectins displayed on the endothelial cell surface
following cytokine stimulation, bind sialyl Lewis® (sLeX;
NeuAca2,3GalfB1,4(Fucal,3)GlcNAc) and related oligosac-
charides displayed on circulating leukocytes, leading to the
attachment and eventual migration of the leukocyte into the
surrounding tissue. A third function of lectins is to allow cells
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to select and take up glycosylated molecules or microorgan-
isms. Pathogenic microorganisms are frequently ingested by
macrophages in a lectin-mediated fashion. This has been
observed, for example, in the uptake of the fungus Prneumo-
cystis carinii by the macrophage mannose receptor.l Glyco-
proteins may be taken up in a similar fashion. Certain
pituitary hormones (follicle-stimulating hormone, FSH; lutein-
izing hormone, LH) display GalNAc-4-sulfate, which is
responsible for the uptake of these hormones by the Kupffer
cells of the liver.P!

Carbohydrate recognition events are involved in the
progression of a number of diseases. The binding of many
pathogens and biological toxins to the host cell surface is
carbohydrate-mediated. Helicobacter pylori, a pathogen as-
sociated with gastritis and peptic ulcers and implicated in
gastric carcinoma, has been reported to bind a wide variety of
saccharides on the surface of the host cell, including Lewis b,!
3'-sialyllactose,/) and others.[®! Such carbohydrate binding is a
very common theme in bacterial colonization of tissues.?
Viruses and toxins also frequently use oligosaccharide recep-
tors; the influenza virus, for example, binds to sialic acid
through its coat protein, haemagglutinin, and this event is
prerequisite to viral entry into the host cell.’) The potent plant
toxins abrin and ricin bind to D-galactosides,'”! while bacterial
AB; toxins, heterohexameric compounds in which the five B
subunits are responsible for targeting, bind typically to
gangliosides. Two examples are the cholera and shiga toxins
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which bind to Gy and Gy;, respectively.'!l Tumor metastasis
is proposed to occur in some cases by the same targeting
pathway that leukocytes use: binding to endothelial cells
through the sLe® or sLeX-selectin interactions, ultimately
followed by extravasation.!'?]

Although carbohydrate recognition events are frequently
implicated in the progression of a disease, they can sometimes
be part of the cure. The bacteriocidal aminoglycoside neo-
mycin and related compounds are recognized by the bacterial
ribosome. Binding to the ribosome causes translational
inhibition and, at high concentrations, miscoding.["¥! Lectin-
mediated uptake has been put to good use in the treatment of
Gaucher’s disease, a genetic deficiency of the enzyme f-
glucocerebrosidase. Treatment requires the administration of
the enzyme, but it must be internalized into lysosomes, so
glycosidases are used to trim the N-linked saccharide of the
purified enzyme down to the pentamannose core; this allows
its uptake by a mannose-binding lectin.["%]

The intervention or, in some cases, the mimicking of
protein —saccharide or nucleic acid-saccharide interactions
provides a potential target for therapeutic agents. Unfortu-
nately, saccharides often do not make good therapeutic agents
for a variety of reasons. Many natural saccharides are rapidly
degraded by digestive, plasma, and cellular glycosidases, and
frequently bind to their targets with low affinities, though
polyvalency can be used to improve the low-affinity carbohy-
drate —receptor interactions on cell surfaces.” The K, values
are most often in the millimolar range, although there are
exceptions. The arabinose-binding protein, for example, has
been reported to bind arabinose with a K; value of
0.098 um;1! the Griffonia simplicifolia lectin GS-IV binds
the Lewis b antigen with a K, value of 24 um;['" cholera toxin
binds the ganglioside G, pentasaccharide with an intrinsic

binding constant—that is, the binding of a single ligand by a
single subunit within the pentamer—of 1 pm;!'"¥! and the anti-
Salmonella O-antigen monoclonal antibody Se155-4 binds the
trisaccharide Abeal,3(Galf1,2)ManaOMe with a K, value of
15 pm.1 In addition, polysaccharides are usually difficult to
synthesize by conventional organic chemical techniques,
though the growing availability of glycosidases and glycosyl-
transferases and the introduction of cofactor recycling
schemes has made an enzymatic approach to synthesis more
feasible in recent years.”> 21 New synthetic methods have also
decreased the difficulty of chemical synthesis.?>?" For these
reasons, it is frequently desirable to design compounds that
are mimics of carbohydrates associated with important
signaling and recognition events, but have improved proper-
ties with regard to stability, specificity, affinity, and synthetic
availability.

The term “carbohydrate mimetic” is frequently used to
refer to any carbohydrate derivative or other compound that
has multiple hydroxy groups and thus looks somewhat like a
sugar or saccharide; we prefer to reserve the term for
compounds that have been demonstrated to truly mimic the
structural and functional aspects of a known target. These will
be the focus of this review.®l

Carbohydrate mimetics have a number of advantages over
their parent structures as therapeutic agents. They can be
designed such that they 1) are more stable toward endogenous
degradative enzymes, 2) have improved bioavailability and
reduced clearance rates, and 3) have a higher affinity and
selectivity for their cognate receptors by taking advantage of
interactions that the natural saccharide does not. By con-
structing polymers or oligomers with multiple copies of the
mimetic to allow for polyvalent interactions, the affinity can
be increased further.”) In the case of inhibitors of glycosyl-
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transferases, glycosidases, and carbohydrate-modifying en-
zymes (e.g. sulfotransferase), mimetics can be designed that
imitate the transition states of these reactions, rather than the
ground states, and thus will inhibit the enzymes better than
simple substrate analogues.

2. Structural Features of Carbohydrate — Protein
Interactions

To make a good mimetic, it is important to be aware of the
interactions between carbohydrates and their targets, which
are usually proteins. A number of interactions are used to
contribute to the negative free energy of binding.[*-3!l

2.1. Hydrogen Bonding

Hydrogen bonds are, predictably, an important interaction.
Hydrogen bonds between the carbonyl and NH groups of the
protein backbone and the sugar hydroxy groups are very
frequently observed in the available crystal structures of
sugar-binding proteins. The heavy representation of such
contacts is probably due both to the large number of amide
bonds available and to the constrained nature of the peptide
backbone: Since the backbone has fewer degrees of freedom
than the side chains, the entropic loss during formation of the
hydrogen bond due to the restriction of the positions of the
hydrogen-bond donor and acceptor in space will be reduced if
one or the other is already fixed. In contrast, the hydroxylated
amino acids serine and threonine are used much less often,
presumably due to the unfavorable entropy of fixing two
moderately flexible—at least as compared to the peptide
backbone—groups upon binding.?! “Bidentate” hydrogen-
bonding side chains such as those in aspartic acid, asparagine,
glutamate, glutamine, and arginine are also commonly found.
The two “arms” of such side chains can form hydrogen bonds
to vicinal hydroxy groups. This is observed, for example, in the
crystal structure of the arabinose-binding protein with bound
galactose,?) where the carbonyl group and amide nitrogen
atom of the asparagine 232 side chain make hydrogen bonds
with the 3- and 4-hydroxy groups of galactose (Figure 1). In
the same structure, arginine 151 hydrogen bonds to both the
6-OH group and the ring oxygen atom of galactose. Many of
the hydrogen bonds of sugar-binding proteins are water-
mediated; although there is a tendency to consider water-
mediated hydrogen bonds to be weak and nonspecific, this is
really not accurate. In many of these cases the water involved
is observed in the crystal structures of both the ligated and
unoccupied binding sites, and can in essence be considered an
extension of the protein.!'y! For example, in the arabinose-
binding protein (containing galactose), two water molecules
are observed to hydrogen bond to three protein side chains
each; the fourth hydrogen-bonding site is occupied by either
the 2- or 6-OH group of the bound galactose. These water
molecules are also observed in the crystal structures com-
plexed with 2- or 6-deoxygalactose.’?
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Figure 1. Schematic representation of the hydrogen bonds between S-p-
galactose and two side chains of the arabinose-binding protein, showing the
“bidentate” nature of the hydrogen-bonding pattern. The carbonyl oxygen
atom and amide nitrogen atom of the asparagine 232 side chain form
hydrogen bonds to vicinal hydroxy groups (3- and 4-OH) of the bound
galactose. (Crystal structure Sabp.pdb by Quiocho and colleaguest®?
retrieved from the Brookhaven Protein Databank and viewed with
InsightII, MSI, San Diego, CA;red: oxygen, blue: nitrogen, green: carbon.)

2.2. Association with Metals

The C-type lectins and related proteins are calcium-
dependent saccharide-binding proteins. The reason for the
absolute dependence of sugar binding upon the metal is clear
from the crystal structures: Vicinal hydroxy groups on the
sugars coordinate with the calcium, as in mannose-binding
protein A, where the 3- and 4-hydroxy groups of mannose
make contacts to calcium (Figure 2). A similar coordination is

Figure 2. Coordination of vicinal hydroxy groups (3- and 4-OH) of
mannose by calcium (yellow sphere) in the mannose-binding protein A.
(Crystal structure 2msb.pdb by Weis and co-workers;*¥ red: oxygen, blue:
nitrogen, green: carbon.)

believed to occur in the binding of sialyl Lewis* (NeuAca2,3-
Galpl,4(Fucal,3)GIcNAc) to E-selectin; vicinal hydroxy
groups of fucose are thought to coordinate to the calcium at
the binding site.** ! The X-ray crystal structure of the
enzyme xylose (glucose) isomerase containing (linear) glu-
cose shows that the 2- and 4-OH groups and the carbonyl
moiety of the bound glucose are coordinated to not one but
two magnesium atoms which are required for catalytic
activity.l
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2.3. Hydrophobic Packing

Although sugars are frequently considered to be polar
molecules, it has been observed for many years that they have
substantial hydrophobic character associated with the faces.
This is underscored, for example, by the ability of cyclodextrin
to solubilize hydrophobic compounds and by the ability of
linear dextrin (poly(Glcal,4Glc)) to increase the water
solubility of strongly hydrophobic compounds such as
steroids.’”) Packing of a hydrophobic ring against sugar is
observed in most saccharide-binding proteins,® and an
excellent example of this can be observed in the crystal
structure of the maltose-binding protein containing mal-
tose.*l Both glucose molecules of the bound disaccharide are
sandwiched between aromatic rings (Figure 3). The faces of

Figure 3. Interaction of aromatic side chains of the maltose-binding
protein with the faces of the two glucose units of maltose. (Crystal
structure lanf.pdb by Quiocho and co-workers;*! red: oxygen, green:
carbon.)

the sugar and the aromatic ring are not always perfectly
aligned; in many sugar-binding proteins, the plane of the
aromatic group is canted somewhat with respect to the face of
the sugar.’”) Some sugars have faces that are more hydro-
phobic than others. The faces are assigned a letter A or B,
where the A face is the side on which the atoms progress from
lower to higher number in a clockwise fashion.[*! In galactose,
the 4-OH group points up on the A face, and the B face is
correspondingly more hydrophobic for p-galactose than for
glucose or mannose. This is perhaps why the B face of
galactose nearly always has an aromatic ring sandwiched
against it.[*"]

2.4. Ionic Interactions

Ionic interactions are also observed in the complexation of
proteins or nucleic acids with charged or derivatized sugars
such as sialic acids, aminosugars, and phosphorylated or
sulfated sugars. For example, sugar carboxylates often asso-
ciate with arginine, as observed in the structure of influenza
neuraminidase containing sialic acid (Figure 4);*! likewise,
much of the binding affinity of the aminoglycoside antibiotics
for RNA is due to interactions of the 1,3-hydroxyamine motif
of antibiotics with the phosphodiester backbone (Figure 5) as
well as the Hoogsteen face of guanine.*> +

2304
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Figure 4. Interaction of the guanidino group of influenza neuraminidase
Arg371 with the carboxylate moiety of sialic acid (NeuAc). (Crystal
structure 2bat.pdb by Varghese and colleagues;*!! red: oxygen, blue:
nitrogen, green: carbon.)
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Figure 5. Interaction of 1,3-hydroxyamines with the phosphodiester back-
bone of nucleic acids and with the Hoogsteen face of guanine.

3. Strategy for the Design of Carbohydrate
Mimetics

Understanding how carbohydrates interact with their
protein receptors provides useful information for the design
of carbohydrate mimetics. The weak affinity in sugar —protein
interactions is attributed to a few causes: 1) There is a lack of
hydrophobic groups in sugars which are often dominant in
high-affinity receptor-ligand interactions; 2)the energy
associated with multiply hydrogen bonded interactions in
sugar—protein recognitions is significantly diminished by
competition from bulk solvent; 3) the flexible nature of many
hydrogen-bonding groups results in a significant entropic
penalty when they become constrained in space upon binding.
It also appears that not all functional groups of a carbohydrate
ligand are essential for interaction with the receptor.

With this information in hand, one may choose a couple of
strategies (Figure 6) for the design of organic molecules that
mimic the active conformation and function of a carbohydrate
ligand. In the first approach, one may remove unnecessary
functional groups, but keep the original glycosidic linkages in
order to retain the conformation (Figure 6, middle). This
approach will reduce the polarity of the sugars, and may
increase the affinity of the binding by improving hydrophobic
interactions and reducing the penalty for desolvating polar
functional groups on the sugar. The synthesis of deoxysugars
is not trivial, however. Some deviations from this strategy
have also been used in which functional groups are added or

Angew. Chem. Int. Ed. 1999, 38, 23002324
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Figure 6. Schematic illustration of two general strategies for designing carbohydrate mimetics. The diagram on the left
shows the interactions between a natural saccharide and a protein receptor. In the diagram in the middle a mimic is
used in which the glycoside backbone is retained, but unnecessary hydroxyl groups are removed and additional
functional groups added to strengthen the interaction. In the diagram on the right, the glycosidic scaffold is abandoned.

changed to further improve the affinity and/or stability. The
incorporation of a hydrophobic group has the potential to
substantially increase the binding affinity if there is a
complementary hydrophobic site in the receptor. This is a
potentially powerful technique. A charged group can add
favorable ionic interactions if a complementary group exists
in the binding site. In cases where the saccharide coordinates a
metal, it may be possible to improve the affinity by replacing
the coordinated hydroxy groups with a better metal ligand.

The stability may be improved by changing the O-linked to
a C-linked (or S-linked) saccharide, or to O-linked carbo-
cycles. Though the exo-anomeric and steric effects (Figure 7)
are the main factors that govern the glycosidic torsion angles,
the steric effect of C-linked saccharides has been found to
play a major role in maintaining the conformation of C-linked
saccharides in the gauche form, similar to the conformation in
the corresponding O-linked sugars.* The C-linked glycosides
are therefore often used to mimic the parent O-linked

HO 0 HO 0
(o]
HO O O]
HO/% AG = 4 keal mol™ ch&ﬂ
HOO . HO
" O
o oR I\

gauche anti

I
o R o p
& &
R

HO 0

HO 0
HO 0o , HO 0
HO AG = 2 kecal mol” HO
HO — HO
Cory Gy
HAR HOAH
gauche anti

Figure 7. The exo-anomeric and steric effects on the conformation of a
glycoside, and energetic consequence of changing an O-glycoside to a
C-glycoside.['”]
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structures as they are
more stable toward acid-
and glycosidase-catalyzed
cleavage.

A second approach to-
ward the construction of
carbohydrate mimetics is
to abandon the glycosidic
scaffold entirely (Fig-
ure 6, right); instead, a
new, non-carbohydrate
framework is built and
the required functional
groups are attached so as
to have the same orienta-
tion in space as they do in
the parent structure. In
addition, new hydropho-
bic or charged groups may
be incorporated to further
enhance the affinity.

A wide variety of molecules have been used to mimic
carbohydrates and their derivatives. Some of those found in
the natural world are shown in Figures 8§ —14, along with the
structure that is mimicked. Tunicamycin (Figure 8) has long

ne eeaffokd
+ eezanlial groupe
+ mew funclional groups

HO

OH HO OH
OH
tunicamycin
UDP-GlcNAc:delichyl phosphate
GlcNAc phosphotransferase

ICsp =7 NM
o
I
_R-OH Mn® H\NH
O_ CI)'_O ‘o_ |\
|
v \P,O o N O
o’ NHAG A I
on HO OH
OH

GlcNAc phosphotransferase reaction

Figure 8. The GlcNAc phosphotransferase inhibitor tunicamycin!**® and
the enzymatic reaction it mimics.

been known to be a potent inhibitor of UDP:GlcNAc:dolichyl
phosphate N-acetylglucosaminyltransferase, the enzyme cat-
alyzing the first committed step in the synthesis of the
ultimate saccharide donor for the N-glycosylation of pro-
teins.l A novel feature of this inhibitor is its mimicry of the
pyrophosphate of the donor with galactosamine, which is
C-linked to ribose. Moenomycin A (marketed as Flavomycin
by Hoechst; Figure 9)*1 is an inhibitor of the bacterial
transglycosylase responsible for the stepwise condensation of
disaccharides to form the polysaccharide framework of the
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R = L-Ala-D-Glu-m-DAP-D-Ala-D-Ala
transglycosylase reaction

Figure 9. The transglycosylase inhibitor moenomycin A (structural revi-
sion in 199011) and the transglycosylase reaction.

peptidoglycan cell wall. Studies have shown that much of the
molecule can be removed with retention of activity,**+] and
possible transglycosylase inhibition has been recently dem-
onstrated with a very different molecule derived from the
disaccharide of vancomycin.*¥ Several types of natural
glycosidase inhibitors are shown in Figures 1013, along with
the putative transition states of the reactions inhibited.
Chemical synthesis has offered even more potential carbo-
hydrate mimetics, particularly in the areas of nucleic acid

OH
HO
SN R SN
NFo o
HO o
@] OH
HO
HO o
acarbose @)
a-amylase inhibitor 1O Ho ~OH
— — %
OH
el
o
% e
HO:  oH
o |
S—B:—-H»?‘&\% OH
HO
o) © OH
HO
HO o
hydrolysis of %O
starch (amylose) HO S
o0

Figure 10. The a-amylase inhibitor acarbose and the amylase-catalyzed
hydrolysis reaction.
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a-mannosidase reaction

mannostatin A
a-mannosidase ||
ICg09 = 10-15 NM

OH

/AN
HO

swainsonine
lysosomal mannosidase
ICg0 = 100NM

kifunensine

a-mannosidase |
(mung bean)
ICgp = 20-50NM

Figure 11. The mannosidase inhibitors mannostatin A,[*” swainsonine,!'**!
and kifunensine,'™ along with the putative transition state of the
mannosidase-catalyzed reaction.

OH OH

.
Hoé oY N
HOA N
HO HO

S_B ‘H- -OR nectrisine
a-glucosidase |
transition state of the ICgp = 0.4pM

a-glucosidase reaction

OH
HO@ &&H
"o M35
OH OH

castanospermine
a-glucosidase |
ICgo = 1.2uM

1-deoxynojirimycin
a-glucosidase Il
(rat liver)
Ki=4.6 uM
Figure 12. The a-glucosidase inhibitors nectrisine,'*” castanospermine,!'*’!
and 1-deoxynojirimycin,l'*!l along with the putative transition state of the a-
glucosidase-catalyzed reaction.

OH
~ OH -+
HIS)O o
Ho| HO 3 \ 5+
HN OH O~ o
HO
. ) o |
validoxylamine A OH | B:H--070 OH
(trehalase inhibitor) OH
trehalase
; OH
B reaction OH |

Figure 13. The trehalase inhibitor validoxamine A, along with the putative
transition state of the trehalase-catalyzed reaction.

mimetics (a large field which has recently been reviewed by
Verma and Eckstein®! and will not be covered here) and
glycosidase and glycosyltransferase inhibitors. A small sam-
pling of the types of scaffolds used to mimic pyranose rings (or
their hydrolytic transition states) is shown in Figure 14. More
can be found in reviews such as those by Vasella et al. !
Tatsuta,*!! Legler,5? and Heightman and Vasella;¥ the last
focuses on recent attempts to discern detailed mechanistic
information about configuration-retaining glycosidases
through the design of transition state analogues. In the case
of glycosyltransferase inhibitors, hydrolytically stable pyro-
phosphate analogues are also typically desirable. Much of the

Angew. Chem. Int. Ed. 1999, 38, 23002324
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Figure 14. Some simple mimics of the ground state of a glycoside
(recognized by a receptor) and of the transition state for glycoside
hydrolysis (recognized by an enzyme).

binding energy of the sugar donor comes from the binding of
the leaving group nucleotide, as evidenced by the fact that the
released nucleotide is inevitably a strong competitive inhib-
itor of glycosyltransferases. Analogues of just the sugar
portion of the transition state have rarely been observed to
be good inhibitors of these transferases. Better inhibitors have
incorporated either donor nucleotide mimics, acceptor mim-
ics, or both. Figures 8—10 show a number of natural com-
pounds which mimic pyrophosphate with sugars, carboxylates,
and carbonyls. A sampling of some synthetic pyrophosphate
mimics is shown in Figure 15. Of these, the phosphonate and
monosaccharide linkages have shown the most promise.[

4. Saccharide Synthesis and Processing Enzymes

Oligosaccharides such as those found on cell surfaces are
assembled through the action of glycosyltransferases and
glycosidases. Saccharides may be attached to protein through
a number of different linkages, but most commonly the links
are to asparagine (N-linked) or threonine/serine (O-linked).
Although O-glycosylation proceeds by the relatively straight-
forward addition of a single sugar to a hydroxylated side chain
and elaboration with glycosyltransferases, N-linked glycosy-
lation is more complex. It proceeds through a pathway in
which a large oligosaccharide is built on a specialized
phospholipid, dolichyl pyrophosphate. This is transferred to
anewly synthesized protein in the endoplasmic reticulum, and
glycosidases (glucosidases, mannosidases) may nibble the
saccharide back to a much smaller core before glycosyltrans-
ferases elaborate it to the mature N-glycan.[!]
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Figure 15. The putative transition state of galactosyltransferase showing
the complexation of the pyrophosphate by an active-site divalent metal
(particularly Mn?* or Mg?*), along with some pyrophosphate mimics that
have been used.™l

Further elaboration of oligosaccharides by acetylation,
sulfation, and phosphorylation may also occur to form the
mature saccharide recognition motif.l! Glycosidases and
glycosyltransferases are important targets for intervention
for a number of reasons. The progression of many diseases is
dependent on the action of these biocatalysts. For example,
changes in glycosylation are a well-documented characteristic
of cancer cells,®! and are frequently associated with their
metastatic potential. In particular, cancer cells are more
heavily sialylated than their normal counterparts. Their
N-glycans are more heavily branched,”® " as a general rule,
whereas the O-linked glycans tend to be truncated. The Tn-
(GalNAc-Ser/Thr) and T-antigens (Galp1,4GalNAc-Ser/Thr)
and their sialylated versions are also much more prevalent on
tumor cells.®!

Pretreatment of melanoma cells with tunicamycin (Fig-
ure 8), a compound that inhibits the first enzymatic step in
protein N-glycosylation (UDP-GlcNAc:dolichyl phosphate
GIcNAc phosphotransferase), reduces their binding to epi-
thelial cells in culture.””! Tunicamycin is, however, much too
toxic to be used clinically; many inhibitors of enzymes that
catalyze very early steps in the glycan processing pathway
cause severe neurological toxicity. More selective inhibitors
are needed which inhibit only one or a few glycosylation
enzymes. The activity of glycosidases is also implicated in
metastasis. Glycosidases within the endoplasmic reticulum
and Golgi apparatus are required to trim immature N-glycans
prior to their elaboration into more complex structures,!
while secreted glycosidases degrade the extracellular matrix
and allow tumor cells to “escape” into the circulation. The
enzymes involved in the acetylation, phosphorylation, and
sulfation of carbohydrates are less studied, but may also
become important targets for intervention.
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Various mechanistic studies have indicated that these
glycosidase and glycosyltransferase reactions proceed
through an Syl-type mechanism,* -2 in which the leaving
group mostly leaves before the incoming nucleophile (water
in the case of glycosidases, or a sugar hydroxy group or other
nucleophile in the case of the glycosyltransferases) attacks.
The transition state is believed to have a distorted ring in a
half-chair conformation, with substantial positive charge on
the anomeric carbon atom that is somewhat delocalized to the
ring oxygen atom (Figure 16). This view is supported by many

Mn2+
a) b) 0%, o o
:«F{/ P\O/\<_7/G
Qs \/
| HO ©OH
1
1
HO
Ho —0,C OH |
H HeC !~ OH
s ~OH s o8
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MO OH 1 o
' oM
1
1
B!
(BN

Figure 16. Transition states of a)fucosidase and b) fucosyltransferase
reactions.[¥ G = guanine.

lines of evidence, including studies of kinetic isotope
effectsl®**"l and by the strong inhibitory power of compounds
that mimic®¥ or destabilizel®® ®) this flattened ring oxocarbe-
nium intermediate. A large variety of molecules have been
synthesized which mimic the proposed transition state of
various glycoside-hydrolyzing enzymes. The distorted ring is
mimicked with rings of altered size by incorporating one or
more sp? centers in the ring (e.g. unsaturated carbacycles,
amidino, or guanidino sugars) or by perturbing the confor-
mation with, for example, bicyclic systems or bridged rings.
The positive charge, likewise, is typically mimicked by the
addition of a basic group such as an amine, guanidine, or
amidine. Attaching these compounds to a leaving group (a
sugar) or its mimic will provide more selective inhibitors of
glycosidases.[®® 1 On the other hand, attaching them to
nucleotides or nucleotide analogues frequently provides
inhibitors of the cognate glycosyltransferases as well. Many
of the resulting compounds, some of which are illustrated in
Figure 17, are powerful inhibitors of glycosidases. It is clear
that inhibition can be very sensitive to the position of the sp?-
hybridized atoms within the ring (e.g. compounds g versus h in
Figure 17) and to the position of the positive charge (e.g.
compound i versus j in Figure 17). Some of the nitrogen-
containing heterocycles described above, particularly the five-
membered iminocyclitols, have also been used as haptens to
elicit catalytic antibodies that catalyze glycoside cleavage.[’!
An alternate approach in the inhibition of configuration-
retaining glycosidases, which proceed by a double-inversion
mechanism with a covalent enzyme —substrate intermedi-
ate,’> 7 is to use a substrate that forms a stable covalent
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intermediate, such as a 2- or 5-fluoroglycoside.*® ® By using a
fluoroglycoside with a good leaving group (either an activated
glycoside such as the 2,4-dinitrophenolate, or, more recently,
simply the enzyme’s preferred aglyconl®®), the enzyme can
catalyze the initial step to release the leaving group and form
the covalent intermediate. Subsequent hydrolysis is difficult,
however, due to destabilization of the oxocarbenium tran-
sition state by the fluorine.

5. Mimics of Mono- and Oligosaccharide Ligands
for Receptors

Simple sugar mimics can be extended to create oligosac-
charide mimics, but the mode of attachment must be designed
with care. Saccharides bind to their receptors with a well-
defined conformation, which may well be different from that
in solution, as in the case of the sialyl LewisX binding to
E-selectin (discussed in Section 5.1). There are several
instances in the literature where attachment of sugars with
nonglycosidic bonds abrogates binding to the receptor or an
antibody. For example, the “carbopeptoids” (amide-linked
1-iminocyclitols) do not inhibit glycosidases (though much of
this effect is probably due to the loss of the positive charge on
the ring nitrogen atom). Likewise, monoclonal antibodies
against the Gy;; lactam (lactam formed between the NeuAc
carboxylate and the nitrogen atom of galactosamine) show no
binding to Gy, though they do bind the Gy lactone.™ This
strong differentiation indicates that the lactam/lactone and
uncyclized Gy are likely in quite different conformations.

Better success has been achieved by replacing the glycosidic
oxygen atom with carbon (C-glycosides) and sulfur (thiogly-
cosides). Some examples are shown in Figures 18 and 19.
Figure 18a shows PP-55b,7 an excellent inhibitor of the
mammalian Glc-P-Dol synthase, an enzyme that catalyzes the
synthesis of a dolichyl phosphoglucose (Glc-P-Dol) from
UDP-glucose and dolichyl phosphate. Glc-P-Dol is a precur-
sor for the biosynthesis of the dolichol-linked oligosaccharide
block which is transferred en masse to asparagine during
N-linked glycoprotein synthesis. The inhibitor mimics both
substrates, and two of the most notable features of this
molecule are the use of uncharged mimics for the phosphate
and pyrophosphate moieties of the substrates and the
complete replacement of the sugar with a simple phenyl ring.

The compounds in 18b and 18c show C-glycoside and
thioglycoside mimics of tri- and disaccharides. The lectin
UEA-I from Ulex europaeus binds the H-antigen, a blood-
group antigen which is also thought to be a receptor for some
pathogens such as H. pylori.®l The C-glycoside analogue of
the blood-group antigen binds to the lectin with only slightly
diminished affinity as compared to the normal saccharide, but
is hydrolytically stable.”’l Galabiose (Galal,4-Gal; Fig-
ure 18¢) is a feature found in the Globo series of glycolipids
and is bound by certain bacterial adhesins”! such as E. coli
PapG, and analogues are studied for preventing bacterial
adhesion. The thioglycoside analogue was found to have a
slightly altered conformation, and inhibited PapG —galabiose
adhesion with a somewhat reduced though still quite respect-
able activity.[”!
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The Gy; ganglioside lactone (Fig-
ure 18d), in which the carboxylate of
the sialic acid has formed an ester
with the 2-OH group of the adjacent
galactose, is a tumor-associated anti-
gen;® the lactam, a more stable
analogue, was strongly immunogenic
and elicited antibodies that reacted
with the lactone but not the ganglio-
side.[81]

Cholera toxin, the molecule re-
sponsible for the majority of the
symptoms of infection by Vibrio chol-
erae, is an ABs hexameric toxin.['!]
The five identical B subunits are
responsible for binding to the cell
surface ligand, the ganglioside Gy
(Figure 19a), and they do so in a
coopoerative fashion.'®! The B sub-
units function to transfer and deliver
the A subunit to the target cell, while
the A subunit is a enzyme that
catalyzes the ADP-ribosylation of
Geg, a protein involved in signal trans-
duction cascades. The modified Gg
remains constantly turned “on” as a
result, resulting in the overstimula-
tion of adenylate cyclase.l'] The main
binding determinants for cholera tox-
in within the Gy ganglioside are the
terminal sialic acid and galactose
residues. An analogue of the ganglio-
side in which the reducing end glucose
is replaced by a simple cyclohexane-
diol (Figure 19b) was found to have
virtually identical binding and confor-
mational properties as the natural
ganglioside.[®!

5.1. Sialyl Lewis* Binding to
E-Selectin

A highly studied target for thera-
peutic intervention is the interaction
of sialyl Lewis® with the cell-surface
receptor E-selectin. As discussed in
the introduction, this binding event
occurs early in the inflammatory re-
sponse, and represents one of the
initial steps in the recruitment of
white blood cells to damaged tissue
(Figure 20). Inappropriate recruit-
ment or overrecruitment of leuko-
cytes can have damaging -effects.
Many acute inflammatory conditions
such as reperfusion injury and septic
shock as well as chronic inflammatory
diseases such as rheumatoid arthritis
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of the tumor antigen Gy; lactone.!'8)

and asthma could be treated with antagonists of this
interaction. In addition, since there is evidence that this
interaction is responsible for the high metastatic potential of
certain tumor lines such as melanomas (which are charac-
terized by a high level of sialylated Lewis antigens),’
intervention might provide a new target for cancer chemo-
therapy.

A large variety of sLeX analogues have been designed and
synthesized, based on 1) the known NMR structure of the
tetrasaccharide bound to E- and P-selectins (which is notice-
ably different from that in solution, the main difference being
in the conformation of the sialic acid residue; Figure 21);5
2) the crystal structure of the lectin and EGF-like domains of
E-selectin;* and 3) knowledge of the important structural
functional groups for selectin binding.® % A recent review!s)
gives a condensed compilation of the field, some of which is
highlighted here. The important interactions between sialyl
LewisX (or its sulfated derivatives) and E-, P-, and L- selectins
are illustrated in Figure 21. For E-selectin recognition, all
three hydroxy groups on fucose are necessary. This makes
sense, as the 3- and 4-OH groups are believed to coordinate to
a nearby calcium atomP* 3 in a manner similar to the binding
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of mannose by the mannose-binding protein (Figure 2). The
fucose has, in fact, been replaced by p-mannose in a number
of active compounds.®! The 4- and 6-OH groups of galactose
are also necessary, as is the carboxylate moiety of sialic acid.

GIcNACc appears to contribute no groups explicitly necessary
for binding, and has been replaced with a variety of
bifunctional linkers. Replacement of the sugars with
aromatic or other hydrophobic groups (in hopes of im-

proving the hydrophobic interactions) has resulted in com-
pounds with higher affinity for E-selectin than sialyl Lewis*
(Table 1).

Another effective approach for creating higher affinity
binders is to mimic the polyvalent nature of the leukocyte by
incorporating sialyl LewisX into assemblies such as cross-
linked liposomes or linear polymers (Figure 22). (For a
thorough and recent review of polyvalency in biological
systems, see Mammen et al.l'¥]) Similar approaches have been
used to develop sLe* and sulfo-sLe* mimics to target the P-
and L-selectins. Development of antagonists of P-selectin
represents a significant challenge, as sLeX binds to P-selectin
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Figure 21. a) Solution conformations of sLe* bound by L-selectin (white) and E- and P-selectin (yellow).® b) Binding determinants for sialyl Lewis®
binding to the selectins.
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Table 1. Sialyl LewisX mimetics and their activities as compared to that of sLeX.®l n.d.=not
determined.
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[a] Kolb and Ernst.'*8l [b] Bamford et al.l'*! [c] Dupre et al.l'*l [d] Lin et al.l'’'l [e] Woltering et al.l'5?]
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with a dissociation constant of about
8 mM. In addition, a secondary binding
site for sulfotyrosine of the P-selectin
glycoprotein ligand (PSGL-1) has been
found to contribute significantly to
binding (Figure 23). A short sulfated
sLeX glycopeptidel®] binds to P-selectin
with K4~ 70 nM. So far, there is no good
mimic reported to target the two bind-
ing sites of P-selectin, though the sul-
fated glycopeptide can, in principle, be
prepared enzymatically on large scales
as regeneration systems for PAPS and
sugar nucleotides have been devel-
oped® 8 (Figure 23). L-Selectin binds
a variety of sulfated saccharides, includ-
ing heparin sulfate® and phospho-
mannan.” Recent evidence suggests
sLeX 6-sulfate may well be the natural
ligand,® 2 and both 6-sulfo-sLe* and
the modified 6-sulfo-de-N-acetylated
sLeX-capped gangliosides have recently
been prepared by total synthesis.”’]
Interestingly, the de-N-acetylated ver-
sion appears to be the better L-selectin
ligand.

5.2. Heparin - Antithrombin

The “heparinoids,” heparin and hep-
arin sulfate, are heavily sulfated glyco-
saminoglycans consisting of repeating
units of [D-glucosaminyl-a-1,4-hexuro-
nosyl-3,1,4-], where the hexuronic acid
is either glucuronate or iduronate (the
C5 epimer of glucuronate).” The glu-
cosamine is either N-sulfated or acety-
lated, and O-sulfation occurs at a vari-
ety of positions, particularly C2 of
iduronic acid, C6 (and sometimes C3)
of glucosamine, and occasionally C2 of
glucuronate. Heparin is a more highly
processed form of heparin sulfate, con-
taining more iduronic acid and sulfate.
Heparinoids show a broad range of
biological effects including anticoagu-
lant activity and enhancement of the
stability and activity of acidic and basic
fibroblast growth factors; they are in
fact known to bind to well over a
hundred proteins.!

Heparin’s anticoagulant activity has
been known and used clinically for over
60 years. Heparin inhibits the activity of
both thrombin (factor IIa) and factor -
Xa through interaction with antithrom-
bin III (ATII), as illustrated in Fig-

Angew. Chem. Int. Ed. 1999, 38, 23002324
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ures 24 and 25. Binding of an ATIII recognition sequence 8 factar Xa

(Figure 26 a) causes a conformational change®! in ATIII that
is sufficient to allow its inhibition of factor Xa. Inhibition of
thrombin, on the other hand, requires interaction of thrombin
with both heparin-activated ATIII and directly with heparin
itself. It is postulated that, in this case, heparin acts both as an
activator of ATIII and an “adaptor” between it and throm-
bin.”’) Thus, a longer heparin molecule (ca. 18 saccharides
longl") is required for inhibiting thrombin than is required
for inhibiting factor Xa. Much of the binding interaction is
electrostatic.

Grootenhuis and van Boeckel have constructed a modell®!
of the association between the heparin pentasaccharide and
ATIII. A three-dimensional structure of ATIII was postu-
lated based on its homology to al-antitrypsin, a protein of
known structure. The necessity of residues 41 —49 for heparin
binding was previously known, and indeed these side chains
fell within a region of concentrated positive charge. Docking

fwctor |l ——— yagion 112
(Pl hiroambin {ihraming

= [l30iR1

fibrinoden

Figure 24. a) The last few steps of the coagulation cascade. b) Schematic
representation of the interactions between heparin (represented by chains

of the heparin pentasaccharide into this region provided a
model for the binding site in which the pentasaccharide is
more or less bathed in lysine and arginine residues. The

Angew. Chem. Int. Ed. 1999, 38, 23002324

of spheres) and antithrombin III and between heparin and thrombin.
Thrombin binding requires a larger heparin fragment (>18mer), whereas
ATIII binding only requires a pentamer.
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Figure 26. a) The recognition sequence for antithrombin III (ATIII). b) —d) Heparin mimetics which bind both ATIII and thrombin.
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nonspecific binding of heparinoids to
certain proteins such as platelet factor
PF4 and basic proteins such as fibrin-
ogen and the von Willebrand factor is
thought to be responsible for the Gal

a) [ Man-Abe

undesirable side effects of heparin Gle-Gal
therapy, (the most prominent of which Hep
Hep
|

are thrombocytopaenia and hemor-
rhages). Furthermore, it was postulat-
ed that reducing the charge density of
the region between the AT III-binding
region and the thrombin-binding re-
gion might reduce the nonspecific
binding effects.%]
Dreef-Tromp and colleagues!'®!]
connected a thrombin-binding region
to a ATIII-binding region through
uncharged flexible tethers. They at-
tached a thrombin-binding region
(fully sulfated maltotrioside) to the
pentasaccharide shown in Figure 26a 2
through either a flexible polyethylene-
based linker (Figure 26¢) or an un-
charged polysaccharide linker. Both
showed strong thrombin inhibitory
power, though the saccharide linker
was superior, perhaps due to the
reduced flexibility. A similar com-
pound with a different thrombin-bind-
ing domain is shown in Figure 26d.
Preliminary data regarding PF4 bind-
ing and bleeding time in the presence
of the latter heparin mimetic suggests
that it may display fewer side effects
than heparin.!'] )
It is worth noting that the binding
site of heparin for fibroblast growth
factor (FGF) is quite distinct from the
ATIII-binding site. The consensus
sequence for FGF binding is a 14mer
called oligo-H: GlcA-£1,4-GIctNSO;-
al4-[IdoA(2S)-al,4-GlcNSOs]s-al,4-
IdoA-al,4-GIcNAc.' Randomly derivatized dextrans (deri-
vativized with carboxylmethyl, benzylamide, and benzylami-
desulfonate) can substitute weakly for heparin'®! with regard
to FGF activation and stabilization, but have minimal anti-
coagulant activity.

0sPOZ

5.3. Lipid A, LPS Binding Protein, and CD14

Gram-negative bacteria are characterized by a second
membrane external to the peptidoglycan matrix. A major
constituent of this membrane is lipopolysaccharide (LPS).
Although lipopolysaccharides differ between bacterial spe-
cies, they follow the same general format. The “anchor” is a
large structure called lipid A (Figure 27), a phosphorylated
disaccharide with multiple fatty acid tails attached through
ester and amide linkages. This is elaborated with a “core”
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Figure 27. Gram-negative bacterial lipopolysaccharides. a) Salmonella typhimurium LPS. b) Lipid A
from several bacterial species: E. coli lipid X, lipid A and lipid IV,. ¢) Rhodobacter sphaeroides lipid A.
d) E5531. Abe = abequose, Hep = L-glycero-pD-mannoheptose, KDO = 2-keto-3-deoxyheptanoic acid.

polysaccharide and finally capped with a repeating structure
called the O-antigen, a highly variable and species-specific
saccharide. Lipopolysaccharides from many bacterial species
are highly toxic to humans (hence their common name
“endotoxin”), and are responsible for septic shock.['*!

Septic shock is a serious problem, and an unfortunate
example of the old expression “the treatment was a success
but the patient died”. Antibiotic therapy can kill pathogenic
gram-negative bacteria, but the endotoxin released by the
lysed bacteria may cause more acute and lethal symptoms
than the original infection. Toxicity occurs through a process
beginning with the binding of LPS to a soluble binding protein
(LBP) in serum. This complex binds to the glycosyl phospha-
tidyl inositol (GPI) linked protein CD14 and the toll-like
receptor TLR2 on the surface of macrophages and neutro-
phils, resulting in the production of a variety of cytokines by
the cells (Figure 28).1'%:1%] The hope of finding an agent to
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Figure 28. Schematic representation of the immune activation by
bacterial LPS.[105:106]

combat endotoxemia has received a boost with the
discovery of glycolipids that are both nontoxic and
have endotoxin antagonistic activities, such as lipid A
from Rhodobacter sphaeroides!’) and the lipid A
precursors lipid X and lipid IV, (Figure 27).1'% The
Rhodobacter lipid A is unfortunately unstable in
aqueous solution, being hydrolyzed at the ester
positions. Synthesis of a stabilized mimetic, E5531
(6'-O-methylated and with ester links replaced by
ethers),l1% 1981 has provided a potential therapeutic
agent to combat septic shock. This compound shows
potent LPS-antagonistic activity and is
currently in clinical trials. A variety of
other compounds which mimic either the
Rhodobacter lipid A or LPS-antagonistic
lipid A precursors lipid X and lipid IV,
are also under study, and these compounds
were recently reviewed by Chaby.[1%]

P &ile

OH OH kanamycin A
OH NH; kanamycin B
H NH; tobramycin

Figure 29. Structures of selected antibiotics.
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5.4. Aminoglycoside - RNA
Interaction

Many aminoglycoside antibiotics such
as neomycin and streptomycin (Fig-
ure 29) interact with the 16S subunit of
the bacterial ribosome, inhibiting trans-
lation and causing miscoding (Fig-
ure 30).11 The aminoglycosides have sev-
eral disadvantages. Many of the amino-
glycosides are orally inactive and/or toxic
to humans, and must be administered
topically or by injection. They generally
concentrate in the kidneys, and many
show strong nephrotoxicity.'” Addition-
ally, there are many aminoglycoside resistant bacterial strains
that overcome antibiotic challenge through a variety of
mechanisms, including mutation within the ribosomal binding
site (Figure 31a) and covalent modification (acetylation,
phosphorylation, or adenylylation; Figure 31b) of the anti-
biotic.['* "1l Mimetics of aminoglycosides that are less toxic,
more stable, and that are not substrates for modification
enzymes could be therapeutically useful.
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Figure 30. Schematic representation of aminoglycoside interactions with the bacterial ribosome.

An interesting structural feature of these antibiotics is the

presence of trans-1,3-hydroxyamine or cis-1,3-diamine motifs.
A recent study indicates that the 1,3-hydroxyamine group can
interact strongly with both the phosphodiester backbone and
the Hoogsteen face of guanine®! (Figure 5). This realization
has led to the design and synthesis of a variety of amino-
glycoside mimetics that conserve this motif (Figure 32a). The
affinities of these compounds for the neomycin binding region
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of the bacterial 16S RNA was evaluated by surface plasmon
resonancel''? (Figure 32b), and many of the compounds
proved to be good binders. Some of these have displayed
excellent antibiotic activity.l'®] Computer modeling suggests
that these analogues may bind in a manner similar to that of
the natural products (Figure 33). Other groups have also been
actively involved in the discovery of aminoglycoside mimetics.
Many of the structures designed contain extra amino,
guanidino, or 1,3-hydroxyamine functionalities.!'" 5] Al-
though many of these compounds have not yet been tested
against resistant strains, they may be poor substrates for
aminoglycoside-modifying enzymes.

5.5. Sialic Acid Interactions with Haemagglutinin and
Neuraminidase

Influenza virus has two proteins that bind sialic acid on the
surface of the host cell. One, the sialoside binding haemag-
glutinin, is responsible for the initial binding of the influenza
virus to the host cell. The other, neuraminidase (sialidase),
cleaves sialic acids and is important for allowing the young
virions to escape and infect new cells. Both interactions are
potential targets for intervention.[''® 1"l Haemagglutinin is a
homotrimeric molecule found in many copies on the surface

a)
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of the virus. Important interactions between haemagglutinin HoN N/
and the sialoside receptor are shown in Figure 34. Since the Kq =0.7uM Kq =0.25uM
individual haemagglutinin binding sites show weak affinity for
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Figure 31. Modes of bacterial resistance to neomycin and related antibiotics. a) Normal
binding site of neomycin, a small section of the 16S ribosomal subunit; the homologous 16S
RNA section in a neomycin-resistant mutant; and a control RNA with the binding
determinants for neomycin removed. b) Neomycin deactivation by covalent modification.
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Figure 32. a) A strategy for aminoglycoside mimetic
synthesis.[!'* 18] b) Surface plasmon resonance (SPR)
assay for evaluating binding to 16S rRNA.['"2l (In SPR,
the angle at which a minimum is observed in the
reflected light intensity is sensitive to the refractive
indices on either side of the support, a thin gold film.
The refractive index of the (solution) side will be
affected by binding events.)
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W

Figure 33. Model of neomycin mimetic binding to the same site as the
natural aminoglycoside paromomycin, based on modeling studies using the
NMR structure of a section of the ribosomal 16S RNA.[4!

monovalent sialosides (K, =2 -3 mwm),["812 most monomeric
sialic acid analogues have shown poor efficacy in preventing
viral infection, although one fluorescent derivative displays
micromolar inhibition of hemagglutination.'!l' This com-
pound has several extra hydrophobic groups which may
interact with hydrophobic binding groups in the binding site.
Another approach to improve affinity is to mimic the

Figure 34. Important interactions between viral haemagglutinin and the
receptor, sialic acid. Dashed lines represent potential hydrogen bonds,
whereas solid arrows represent hydrophobic interactions (e.g. between the
haemagglutinin side chain Trp153 and the sialoside C8 and C9). The
drawing is based on the crystal structure published by Weis et al.['*]

polyvalent nature of the cell surface. To this end, a variety of
structures such as liposomes and polymers with pendant
sialosides or sialic acid mimics (especially C-linked sialic acid)
have been prepared (Figure 35). The compound in Fig-
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Figure 35. Inhibitors of haemagglutinin-mediated viral binding. For reference, the sialic acid monomer (methyl glycoside) has an 1Cs, of 2 mm.[''8] a) A
fluorescent, tightly binding monomeric sialoside.l'”! b) Cross-linked liposome of Spevak and co-workers.['¥”] ¢) Polyglutamate with pendant sialyllactose from
Kamitakahara et al.l'* d) Polyacrylamide-based inhibitors from Choi et al.l'*] Sialosyl phospholipid-based liposomes, which show efficacy against rotovirus,

may be applicable to influenza virus as well.l"*]
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ure 35d, a picomolar inhibitor
of haemagglutinin binding, con-
tains a hydrophobic group
which contributes additional
binding affinity through inter-
action with the hydrophobic
groups of the receptor. In addi-
tion, it has a possible advantage
in that it does not simply have
sialic acid, but a sialyllactose
moiety. Upon neuraminidase
cleavage of the terminal sialic
acid, galactose residues will be
exposed that may allow rapid
viral clearance by receptor-
mediated endocytosis (e.g. by
the asialoglycoprotein recep-
tor;[?2 Figure 36).

Unlike haemagglutinin, neur-
aminidase strongly binds the
hydrolytic transition state, rath-
er than the ground state, of
sialosides. The dehydrated form
of neuraminic acid, 2-deoxy-2,3-didehydro-N-acetylneura-
minic acid (DANA, Neu5Ac2en; Figure 37a), has been
known for many years to be a moderately good inhibitor of
the enzyme.'”l Attempts to mimic the transition state
received several great boosts. First, the crystal structure of
neuraminidase was solved in 1983.41 Several years later,
isotope effect studies on the mechanism of neuraminidase
action, which by analogy with other glycosidases might be
expected to proceed through an Syl-type mechanism, sup-
ported this view of the catalytic mechanism. [

The crystal structures!*: 12l of the enzyme in the presence of
added NeuAc and DANA provided better information
regarding the recognition of substrate (Figure 38) by the
enzyme, and showed that NeuAc bound to the active site in a

GG167

ICs0=4NnM/ K =0.7 nM

Figure 37. Inhibitors of

mikTi skl i

Figure 36. Schematic representation of the binding, desialylation, and proposed receptor-
mediated endocytosis of influenza virus by the polyvalent compound in Figure 35c.
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distorted conformation, supporting the proposed mechanism.
Using this information, a large number of transition state
analogues have been rationally designed!'?>'?7] and synthe-
sized (Figure 37). A number of these have shown excellent
inhibition of a variety of influenza neuraminidases, and some,
such as GS4104 and GG167, are in clinical trials. (GS4104 is an
esterified prodrug of GS4071, which can be absorbed by the
digestive tract. The ester is then cleaved by natural esterases.)
The discovery of a hydrophobic binding pocket flanked by
Ala246 and Ile222 that is unused by sialic acid but used by
GS4071 has allowed the design of inhibitors that take
advantage of contacts not used by the natural substrate,['>®]
though none of these proved better than GS4071 (adminis-
tered by nasal spray).

5.6. Glycoproteins, Neoglycoproteins, and
Glycoprotein Mimics

Many proteins are glycosylated, particularly in
eukaryotic cells. The glycans are typically linked
either to the side-chain amide nitrogen atom of
asparagine (N-linked) or to hydroxylated amino
acids such as serine and threonine. Other linkages
are known, including surprising C-linkages to
tryptophan,l but these are much less common.
Protein glycosylation can have a variety of func-
tions.: 31 The sugars can substantially affect the
physical properties of the protein in solution. This
is most familiar in the case of the mucins, a class of
heavily O-glycosylated proteins responsible for the
sliminess of mucous.”’ In addition, the saccharide
can affect the stability, function, and targeting/
clearance properties of the glycoprotein. Glyco-
protein/glycopeptide mimics are created for a
variety of reasons, including investigation of the
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Figure 38. Important hydrogen-bonding, electrostatic, and hydrophobic
interactions between neuraminidase and the substrate. Dashed lines
represent hydrogen bonds and electrostatic interactions, whereas solid
arrows represent hydrophobic interactions (e.g. between the methyl group
of the AcNH group and the side chains of Ile 222 and Trp 178). The drawing
is based on the crystal structure published by Varghese et al.*!]

saccharide function, modification of the targeting properties,
improvement of the biological activity, and ease of synthesis.
Different strategies used for preparation of glycoprotein
mimics are shown in Figure 39. In the first approach, the
protein is unchanged, but the saccharide is replaced. In a
second scheme, the protein is unchanged, the saccharide may
or may not be changed, but the linkage
between saccharide and protein and the a)
location of glycosylation are altered. In
the most radical approach, the protein
scaffold is either altered or completely
abandoned.

The first approach requires synthetic

00 .
endoglycosidase O—&) proteases
=y —

(neoglycoproteins)

Figure 39. Approaches for designing glycoprotein mimics.

the production of homogenous N-linked glycoproteins from a
heterogeneous population produced in vivo are shown in
Figure 40. In the first, an endoglycosidase is used to digest all
but the desirable sugar residue(s) from the protein (or
alternatively proteases can be used to condense glycopeptide
fragments); glycosyltransferases are then used to reelaborate
the saccharide.l'*! The second approach involves the direct
endoglycosidase-catalyzed transfer of glycans from a oligo-
saccharylasparagine donor directly to the glycoprotein.[3% 1381
Another synthetic approach is based on intein-mediated
protein splicing.** 1491 Recent studies in this lab indicate that
glycoproteins can be prepared by an intein-promoted reaction
of a extein—intein fusion protein with a glycopeptide
containing an N-terminal cysteine (Figure 41).

An alternate approach to the construction of glycoproteins
mimics is the preparation of a “neoglycoprotein,” in which the

engineered

_°

techniques for the preparation of homo- QO cinac tra%gfc;?gesk peg;iges
geneous glycoproteins, which are unfortu- glycopeptides
nately difficult to make. Glycoproteins @ Vanso - o

obtained by fermentation techniques are

very heterogeneous,!! but chemical syn- chemical synthesis
thesis of glycoproteins can be difficult. new glycoform

Solid-phase peptide synthesis (SPPS) D)

with glycosylamino acids frequently suf- o

fers from relatively low yields, particular- HN _:_H

ly as the length of the protein and the T N—{___Fcoo” <SQ‘O‘.

saccharide are increased. The presence of -\fo ‘
glycans, particularly O-glycans, precludes i (fm?:]‘%E;gzicgﬁlggazct’uegfgfgem
the use of many of the protecting groups \O or chemical synthesis)
commonly used for SPPS since the glyco- glycosylpolypeptide

sidic linkages are unstable under the
deprotection conditions. Nevertheless,
progress is being made in synthetic tech-
niques.'-1321 Synthetic procedures have
been worked out for preparing glycosyl-
amino acid building blocks suitable for
SPPS.[133 134 Chemical synthesis has been
used, for example, to create “mucin-like”
peptides for use as cancer vaccines.!'>]
Enzymatic approaches also show prom-
ise. Two enzymatic approaches toward
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Figure 40. Enzymatic techniques for synthesizing homogeneous glycoproteins (see text for details).
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Figure 41. Use of inteins to condense biologically produced proteins with
synthetic glycopeptides.

saccharide is attached through an unnatural linkage.['*!)
Connection of the saccharide to the peptide may be accom-
plished by chemical or enzymatic techniques, and may be site-
specific or random. For example, Wang and co-workers!!*!
used the approach shown in Figure 40b to prepare a C-linked
glycopeptide which was a competitive inhibitor of glycoami-
dases, enzymes that cleave the entire saccharide from
N-linked proteins (by hydrolysis of a side-chain amide
functionality). Bertozzi and co-workers have developed a
strategy for the chemoenzymatic assembly of O-linked
glycopeptides by enzymatic oxidation of the 6-OH group of
a GalNAc peptide to the aldehyde followed by oxime
formation with a hydroxyaminoglycoside.['¥] Alternatively,
the construction of several saccharide vaccines has required
the chemical attachment of sugars or saccharide conjugates to
a carrier protein such as keyhole limpet hemocyanin.!'3)

The last approach, the construction of glycoprotein mimics
in which the protein backbone is either heavily modified or
replaced with a non-peptidic scaffold, is useful for mimicking
proteins in which the polypeptide serves little function except
as a framework for multiple copies of the glycan. The mucins,
for example, have been mimicked by clustered O-glycosides
linked to unnatural peptide or non-peptidic backbones.[!4> 144
Sialyl Lewis® and other saccharides have been linked to
polyacrylamide,'*] “ROMP” polymers (oligomers prepared
by ring-opening metathesis polymerization),['*! and dendritic
superstructures.['#”]

6. Summary and Outlook
The examples described in this review give a sampling of
some of the recent progress in the field of carbohydrate

mimetic design. A number of carbohydrates has successfully

Angew. Chem. Int. Ed. 1999, 38, 23002324

been mimicked with simpler, more synthetically accessible,
and more stable molecules. The preparation of carbohydrate
mimics has also allowed the inclusion of new functional
groups that can increase the affinity of the molecule for its
target. The principles used in the design of the mimics
described will hopefully prove to be widely applicable, and
allow for the design of therapeutics that intervene in bio-
logically important carbohydrate recognitions.
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Deposition of Data from X-Ray Structure Analyses

In order to make life easier for authors and referees the Cambridge Crystallographic Data Centre
(CCDC) and the Fachinformationszentrum Karlsruhe (FIZ) have unified their procedures for the
depostion of data from single-crystal X-ray structure analyses.

Prior to submitting a manuscript please deposit the data for your compound(s) electronically at
the appropriate date base, that is, at the CCDC for organic and organometallic compounds and at
the FIZ for inorganic compounds. Both data bases will be pleased to provide help (see our Notice
to Authors in the first issue of this year). In general, you will receive a depository number from the
data base within two working days after electronic deposition; please include this number with the
appropriate standard text (see our Notice to Authors) in your manuscript. This will enable the
referees to retrieve the structure data quickly and efficiently if they need this information to reach

This is now the uniform procedure for manuscripts submitted to the journals Advanced Materials,
Angewandte Chemie, Chemistry—-A European Journal, the European Journal of Inorganic
Chemistry, and the European Journal of Organic Chemistry.
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